ABSTRACT.-Genetic loads, estimated from sporophyte production by isolated gametophyte cultures, indicate mating systems of intragametophytic selfing in Campyloneurum angustifolium (in part), C. phyllitidis, Phlebodium aureum and Phymatosorus scolopendria, and intergametophytic mating in C. angustifolium (in part), Microgramma heterophylla and Polypodium pellucidum. Polyploidy characterizes the intragametophytic-selfing species, whereas the intergametophyticmating taxa are diploid. The duplicated loci of polyploid taxa may mitigate the expression of recessive lethal alleles caused by intragametophytic selfing, whereas genetic load probably maintains the mating systems of the intergametophytically mating taxa. Enzyme electrophoretic patterns of fixed heterozygosity support allopolyploid origins of C. phyllitidis and P. aureum and confirm their intragametophytic mating systems. Antheridiogens, present in both groups, may promote intergametophytic mating in diploids through promotion of the early development of male plants in gametophyte populations and bisexuality in isolated gametophytes of polyploids if these gametophytes delay or do not attain insensitivity to their own antheridiogen. In the polyploids, antheridiogens may also alleviate low genetic variability through promotion of occasional outcrossing. The perennial, clone-forming habit of epiphytic Polypodiaceae increases the duration and the physical space occupied by derivatives of a single spore, thus expanding the chance of interaction with a later migrant. Genetic load, duplicated genes, and antheridiogens, together with a perennial and clone-forming gametophyte growth habit, interact to produce successful breeding strategies of these epiphytic species.
of polyploid species mitigate the problem of recessive deleterious allele expression associated with selfing (Klekowski and Baker, 1966; Masuyama and Watano, 1990) . Intragametophytic selfing may also reflect a genetic bottleneck associated with the origin of polyploid species events. However, isozyme evidence has shown that intergametophytic mating is the most common breeding system in diploid homosporous ferns with above-ground gametophytes (Haufler & Soltis, 1984; Soltis & Soltis, 1986b; 1990) .
Reproductive behaviors are affected by several factors. Inbreeding depression resulting from recessive lethal genes (expressed as genetic loads in this study) seems to be the primary factor preventing intragametophytic selfing in many species (Haufler et al., 1990) . Failure to attain bisexuality and asynchronous maturation of antheridia and archegonia also promote outcrossing in potentially bisexual gametophytes (Klekowski, 1968) . Functional unisexuality is augmented by antheridiogen systems that stimulate precocious antheridium formation in some gametophytes in a population while allowing others to remain unisexually female (Näf, 1979) . Antheridiogen can also induce previously buried spores to germinate to form gametophytes that reach the surface and produce sperm capable of fertilizing above-ground plants (Voeller, 1971) . Variation in growth habit including indeterminate growth, branching, gemma production, and production of perennial gametophyte clones can also influence reproductive behavior by increasing the probability of interaction between distant gametophytes and between plants established at different times (Chiou & Farrar, 1997b; Chiou et al., 1998; Dassler & Farrar, 2001) .
Comprehensive research on fern reproduction is limited, especially in epiphytic ferns (Werth & Cousens, 1990 ) whose gametophytes exist in very different environments from those of terrestrial species. The habitat of gametophytes of epiphytic species is often within dense bryophyte mats where interaction between gametophytes via antheridiogen or sperm transfer may be significantly hindered compared to gametophytes of terrestrial ferns on less complex surfaces (Dassler, 1995; Dassler & Farrar, 2001 ). On the other hand, bryophyte mats may maintain free water, the medium for sperm, available for longer periods and thus promote fertilization over longer distances than substrates lacking bryophytes.
Most species of Polypodiaceae are epiphytic. The presence of antheridiogen systems (Chiou & Farrar, 1997a) and clone-forming, perennial growth habits of gametophytes of several genera of this family (Chiou & Farrar, 1997b) have been documented. Their mating systems, however, have not yet been fully described. This report further investigates the mating systems in selected Polypodiaceae species using evidence from genetic load and enzyme electrophoresis. Results of growth habits and antheridiogen systems are interpreted with regard to the reproductive biology of these species.
MATERIALS AND METHODS
The materials used in this study follow. Phymatosorus scolopendria (Burm.) Pic.-Serm.-Hawaii .
Polypodium pellucidum Kaulf.-Hawaii .
Spores were first sown and gametophytes grown in multi-gametophyte cultures on agar-solidified mineral media in plastic petri dishes (Chiou & Farrar, 1997a) . Cultures were maintained under continuous, white fluorescent illumination of 2000-3000 lux and at a temperature range of 20-24°C.
Genetic load (presence of sporophyte-lethal alleles) was estimated by comparing isolated-spore and isolated-gametophyte cultures with paired-spore and paired-gametophyte cultures. These cultures were grown in compartmentalized plastic sheets (''jelly-molds''), each with 20 cells containing about 6 ml of agar medium. In each sheet, a single spore was transferred directly into each of 5 cells (isolated-spore cultures), and a one-month-old gametophyte which was still asexual was transferred from multigametophyte cultures into each of another 5 cells (isolated-gametophyte cultures). The other 10 cells of each sheet received two spores (paired-spore cultures) and two gametophytes (paired-gametophyte cultures). Five such culture sheets were separated by clear, flat, plastic sheets and stacked in transparent plastic boxes (vegetable crispers) for a total of 50 replicates of each culture type for each species. Gametophytes grown from spores isolated before germination served to test the possibility that gametophytes transferred from multigametophyte cultures to isolate and pair cultures might have experienced gametophyte interactions before transfer. The light intensity of these cultures was maintained between 1500 lux (bottom layer) and 3500 lux (top layer). Plants were watered with distilled water every two weeks after the gametophytes were 4 months old.
Whether sporophytes were produced by syngamy was determined by examination with a compound microscope. Genetic load was estimated by counting the percentage of bisexual gametophytes failing to produce sporophytes (Peck et al., 1990) . The five layers of sheets in each box were designated as blocks, and spore-isolated cultures vs. gametophyte-isolated cultures were designated as split plots. For C. angustifolium, C. phyllitidis, and P. aureum, since two sources of spores were used, a Latin Square was designed. Five treatments were ''A'' and ''B'' (isolated plants of two different sources), ''AA'' and ''BB'' (paired plants from the same source), and ''AB'' (paired plants from different sources). Isolated gametophytes were removed when sporophytes were formed or 8 months after spore sowing and examined microscopically to determine their sexuality. Development of gametophyte sexuality in multi-plant cultures was also monitored (Chiou & Farrar, 1997a) .
For isozyme study, ten sporophytes each of C. phyllitidis and P. aureum were collected from each location. These sporophytes were at least 50 m apart for P. aureum, and 10 m apart for C. phyllitidis which was less widerspread. The grinding method and buffer of electrophoresis followed Farrar (1990) . Starch-gel electrophoresis and staining were conducted following Ranker et al. (1989) . Thirteen enzyme systems were scored, including aconitate hydratase (ACO), adolase (ALD), fructose-biphosphatase (FBP), glutamate oxaloacetate transaminase (GOT), hexokinase (HK), isocitrate dehydrogenase (IDH), leucine aminopeptidase (LAP), malate dehydrogenase (MDH), 6-phosphogluconate dehydrogenase (6PGD), phosphoglucose isomerase (PGI), phosphoglucomutase (PGM), shikimate dehydrogenase (SKDH), and triosephosphate isomerase (TPI). To score the isozyme patterns of tetraploid species, Werth's (1989) method was followed, in which the most anodal region of activity of each locus pair is given a numeric abbreviation of ''1'' (e.g., Hk-1) and members of a locus pair are abbreviated with letters, with ''a'' designated as the more anodal region of activity (e.g., Hk-1a vs. Hk-1b). Isozyme data were analyzed with BIOSYS-1 (Release 1.7, Swofford and Selander, 1989) .
RESULTS
SEX EXPRESSION.-In multi-plant cultures female gametophytes were present at 45 days and outnumbered male gametophytes in all species tested (Chiou & Farrar, 1997a) . A predominance of female plants continued through 75 days for all species, and through 90 days for all species except Phlebodium aureum and Polypodium pellucidum, when bisexual plants became dominant. A relatively small number of male gametophytes (<10%) were present in M. heterophylla, P. scolopendria, and P. pellucidum by 45 days, in C. phyllitidis by 60 days, and in C. angustifolium and P. aureum by 75 days. The percentage of gametophytes that were male remained low (maximum 4 23% in P. pellucidum at 60 days) throughout the experiment for all species.
In single-plant cultures, the percentages of males, females, and hermaphrodites were not significantly different between the two spore sources of C. angustifolium, C. phyllitidis, and P. aureum (data not shown). Differences between the isolated-spore and isolated-gametophyte cultures at 8 months after sowing spores were present only in C. phyllitidis and in P. pellucidium (Table 1) . Whereas few or no female gametophytes remained at 8 months in other species, in C. phyllitidis and in P. pellucidium female gametophytes were still common, especially in cultures from isolated spores.
The sexual expression of gametophytes was not significantly different (95% confidence limits in Duncan's multiple test) among different layers within cultures boxes except for C. angustifolium, where significantly more male gametophytes developed in the lowest (and darkest) layer. GENETIC LOAD.-At 8 months after sowing spores, sexual sporophyte production was lower in the isolated cultures (of both isolated-spore and isolatedgametophyte cultures) than in paired cultures of M. heterophylla and P. pellucidum (Table 2 ). There was no significant difference between isolated and paired cultures of P. aureum and P. scolopendria.
In C. angustifolium, gametophytes from source B failed to produce sporophytes in both isolated-spore and isolated-gametophyte cultures at 8 months after sowing spores, whereas 83% of isolated plants from source A produced sporophytes. Thus the inferred genetic load of source B was extremely high, whereas the genetic load of source A was quite low.
In C. phyllitidis, no difference was observed in sporophyte production between gametophytes from the two spore sources. There also was no significant difference between sporophyte production by single gametophytes isolated as young plants from multi-gametophyte cultures and any of the paired cultures. However, single plants isolated as spores produced significantly fewer sporophytes than those isolated as young gametophytes or those grown in pairs. Thus genetic load estimates from isolated-spore and isolatedgametophyte cultures were significantly different (Table 2 ). In P. pellucidum, 21% of the isolated plants produced sporophytes. However, only 1% of these were produced through syngamy, the others were generated through apogamy. All of the apogamous sporophytes formed from the tips of their parent gametophytes from vegetative tissue. None of these apogamous sporophytes grew as well as sexually produced ones. They remained dwarfed, turned yellow-white, and died eventually. 
ISOZYMES.-In C. phyllitidis, seventeen putative locus pairs were scored across the eleven enzyme systems (Table 3 ). There was no variability within or among the three populations for 12. These were fixed for the same allele at four (Fbp-1, Idh, Mdh-1, and Tpi-1) and for fixed interlocus heterozygosity at eight locus-pairs (Aco, Fbp-2, Hk, Mdh-2, 6Pgd-1, Pgi-2, Skdh, Tpi-2). Mdh-3 was fixed for a single allele in the samples from JD and FS populations, Pgm-2 was fixed in all populations, but for a different allele at 2b in JD, and Pgm-3 was fixed in the samples from JD and CH populations. 6Pgd-2 had fixed heterozygosity in populations JD and CH. The genetic similarity among the three populations was high (>0.934) for both Rogers' (1972) and Nei's (1978) genetic coefficient (Table 4) . In population JD, only one genotype was found at each of the locus-pairs. In population CH, Lap and Mdh-3 each had two genotypes, combining to form three multilocus genotypes. In population FS, Lap and Pgm-3 each contained three genotypes and the variable locus 6Pgd-2 contained two genotypes, combining to form six multilocus genotypes (Table 5 ). In combination, the three populations form 10 multilocus genotypes. Of 30 plants tested, only one displayed recombinational heterozygosity at one locus (Lap 11/23).
In P. aureum, 22 putative loci were scored among the 13 enzyme systems. There was no variability within or among the three populations for 21 locus pairs. Eleven (Ald, Fbp-1, Fbp-2, Idh-1, Idh-3, Mdh-1, Mdh-3, 6Pgd-2, Pgi-1, Skdh-1, and Skdh-2) were fixed at the same allele, and ten (Aco-1, Aco-2, Hk, Lap, Mdh-2, 6Pgd-3, Pgi-2, Pgm-1, Pgm-2, and Tpi-2) had fixed heterozygos- 
DISCUSSION
In multi-gametophyte cultures of all species, male and bisexual plants appeared only after a significant number of female plants had differentiated. This is consistent with the presence of antheridiogen systems in these species, as has been previously demonstrated (Chiou & Farrar, 1997a) . Antheridia on bisexual gametophytes grown as isolated plants were probably induced by their own gametophyte's antheridiogen secretions. This could occur either by absence of or delayed attainment of insensitivity of a gametophyte to antheridiogen, or by generation of secondary lobes with reduced physiological connection to the principal antheridiogen-producing apex. A small number of males among plants isolated as spores in most species suggests the further possibility that some antheridia may form without stimulation from antheridiogen. Plants that remained unisexual males at eight months generally were relatively slow-growing and small.
In isolated-plant cultures, a significant difference in sexual expression between gametophytes grown from isolated spores and those grown from gametophytes isolated from multi-gametophyte cultures when they were one month old was found only in Campyloneurum phyllitidis and Polypodium pellucidum. In these two species, bisexual gametophytes were much more abundant in isolated-gametophyte cultures than in isolated-spore cultures, whereas unisexual females were more abundant in isolated-spore cultures. It is likely that the difference between culture types of C. phyllitidis and P. pellucidum is that plants in multi-gametophyte cultures were subjected to antheridiogen before individual gametophytes were transferred to the iso- lated-gametophyte cultures. It is also possible that transplanting actively growing gametophytes might disrupt their normal developmental pattern. Neither hypothesis explains the slow rate at which bisexuality is attained by spore-isolated gametophytes of these species relative to the other species tested. Genetic load can be estimated by the ability of isolated bisexual plants to produce sporophytes. Isolated gametophytes of Polypodium pellucidum, Microgramma heterophylla, and the B source of Campyloneurum angustifolium produced virtually no sporophytes through syngamy, whereas isolated gametopytes of C. phyllitidis, Phlebodium aureum, Phymatosorus scolopendira and the A source of C. angustifolium produced abundant sporophytes through intragametophytic selfing.
Genetic load was not significantly different between isolated-spore and isolated-gametophyte cultures, except in Campyloneurum phyllitidis where the apparent genetic load of isolated-spore cultures was much greater. The reason for this apparent elevation of genetic load in isolated-spore cultures in C. phyllitidis is not clear, but from the delayed production of bisexual plants evident in isolated spore cultures (Table 1) , it is possible that antheridia in some bisexual plants may still have been functionally immature even at eight months, falsely indicating a high genetic load. No similar delay in production of antheridia by this species was evident in multispore cultures (Chiou & Farrar, 1997a) or in isolated-gametophyte cultures. However, pairing of gametophytes from different sporophytes in C. phyllitidis also failed to fully relieve the sporophyte suppression observed in isolated gametophyte cultures. This suggests that some genetic load in this species is perhaps being expressed in gamete development (Klekowski, 1971) , or that there was very little genetic difference between the two sporophytes, as might well be the case in a population reproducing primarily by intragametophytic selfing. In fact, most sporophytes of this species were homozygous at all loci tested.
Paired-spore and paired-gametophyte cultures allowed intergametophytic mating to relieve inbreeding depression that might prevent intragametophytic selfing in either gametophyte. Thus any increase in sporophyte production in paired cultures relative to isolated cultures of the same species is assumed to have resulted from intergametophytic mating.
Two spore sources were used in studies of Campyloneurum angustifolium, C. phyllitidis, and Phlebodium aureum. Genetic load estimates obtained from the two sources were not significantly different for C. phyllitidis and P. aureum. Estimated genetic load did differ significantly between the two sources of C. angustifolium in which it was low for source A, but very high for source B. This suggests that the B sporophyte of C. angustifolium was from a highly outcrossing population, whereas the A sporophyte was derived from a population with a higher level of inbreeding. Both diploid and tetraploid chromosome counts have been reported for C. angustifolium (n437, Evans, 1963, from Peru; n474, Evans, 1963, from Costa Rica; Sorsa, 1966, from Costa Rica; Knobloch, 1967 , from Jamaica). Thus, judging from a correlation of polyploidy with low genetic load, it is possible that the A sporophyte and B sporophyte of C. angustifolium were tetraploid and diploid respectively.
Both diploid and tetraploid forms have also been reported in Phlebodium aureum (n437, n474, Evans, 1963) , and Phymatosorus scolopendria (2n472, Lö ve et al., 1977; n472, Tsai and Shieh, 1983) . In Campyloneurum phyllitidis, only tetraploids have been found (n474, 2n4148, Evans 1963 , Nauman 1993 , whereas in Polypodium pellucidum, only diploid numbers have been reported (Manton, 1951) . Thus genetic load estimates indicate that the sample sporophyte spore sources of C. phyllitidis, P. aureum and P. scolopendria were probably tetraploids, whereas those of Microgramma heterophylla, and P. pellucidum were diploid. In fact, isozyme evidence also indicates that C. phyllitidis and P. aureum are polyploids.
Strong evidence for describing the mating system of diploid species in the wild can be obtained from analysis of isozyme electrophoretic patterns. Electrophoretic patterns for the species tested in this study, Campyloneurum phyllitidis and Phlebodium aureum, revealed a high level of fixed heterozygosity for both, indicating that these samples from Florida are polyploid, probably allopolyploid. Because of this, accurate counts of heterozygous individuals and estimates of outcrossing from isozyme evidence are not possible, although we can state that at least one putatively outcrossed individual (Lap-a 11 /b 23 ) was among the 10 samples of C. phyllitidis in the FS population. No evidence of outcrossing was present in the Florida populations of P. aureum but the extremely low level of genetic variability among sampled plants of P. aureum (29 of 30 plants were genetically identical) would preclude isozymic detection of most recombinational heterozygotes if they were formed. However, the considerable variability among sporophytes of C. phyllitidis (10 multilocus genotypes among 30 plants tested) allows ample opportunity for detection of unbalanced heterozygotes and three-allele heterozygotes (at Lap) that would be produced if outcrossing was frequent (Table 6) .
Assuming allopolyploidy, intragametophytic selfing, and no mutations, the maximum number of genotypes per locus-pair provides an estimate of the minimum number of hybridization events involved in producing an allotetraploid species (Ranker et al., 1994) . Thus in Campyloneurum phyllitidis, the single genotype in the population JD suggests that only one hybridization event occurred in the ancestry of this population in Jonathan Dickson State Park. Two genotypes at each of Lap and Mdh-3 of population CH indicate that that population originated from at least two hybridization events. Three genotypes at Pgm-3a/b implies that at least three hybridization events produced population FS. However, one of these genotypes (11/22) could have been generated (11/11 2 22/22) by the low level of outcrossing demonstrated by presence of the Lap 11/23 genotype. Because there are not great distances separating these populations in Florida and because of the high similarity of genotypes among the three populations, we can also consider them as a single population. In that case the number of hybridization events responsible for the Florida plants is at least three and may be as high as ten.
In Phlebodium aureum, the genetic similarity among sampled populations is very high. Isozyme evidence showed no genetic variation in the samples of TS and JD populations and only a single plant representing a distinct genotype in the FS population. Because Campyloneurum phyllitidis and P. aureum are widespread in tropical America and because likely parental diploids are not present in Florida, these Florida genotypes probably represent three to ten separate spore introductions for C. phyllitidis and possibly only one or two for P. aureum.
In an electrophoretic study of Polypodium pellucidum, Li and Haufler (1999) found a small but significant (mean fixation index of 0.169 across populations of epiphytic P. pellucidum var. pellucidum) excess of homozygous individuals in most (but not all) populations sampled in the Hawaiian archipelago. Since intragametophytic selfing as a dominant breeding system would lead to much higher fixation values in relatively few generations (Hartl & Clark, 1997) , the observed level of fixation likely results from a mixed mating system where intergametophytic selfing among gametophytes in populations derived from the same sporophyte is occurring. Thus electrophoretic analysis of population structure in P. pellucidum is not inconsistent with the implications of our results that intragametophytic selfing in this species is rare, probably curtailed by genetic load. This constraint on reproduction via single isolated spores likely contributes to the genetic differentiation and low values of gene flow between populations estimated by Li and Haufler (1999) .
The fact that diploidy favors intergametophytic mating whereas tetraploidy favors intragametophytic selfing has been demonstrated (e.g., Masuyama and Watano, 1990) . The fixation of different alleles from the different parent species of allopolyploids may mitigate the expression of recessive lethal genes caused by intragametophytic selfing. In our study, low levels of genetic load, as evidenced by production of sporophytes through intragametophytic selfing, was well correlated with polyploidy (Table 7) . Isolated gametophytes of the diploid species (Polypodium pellucidum, Microgramma heterophylla, and the B source of Campyloneurum angustifolium) produced virtually no sporophytes through syngamy, whereas isolated gametopytes of the tetraploid species (C. phyllitidis, Phlebodium aureum, Phymatosorus scolopendria and the A source of C. angustifolium) produced abundant sporophytes through intragametophytic selfing.
Gametophytes derived from isolated spores resulting from long-distance spore dispersal are likely to be isolated from other gametophytes of the species. Such gametophytes are capable of producing sporophytes through intragametophytic selfing, provided they have low genetic load and generate bisexual gametophytes. Gametophytes in populations developed from many spores can produce sporophytes through either intragametophytic selfing or intergametophytic mating, the latter being augmented by antheridiogenstimulated production of male gametophytes. Species predominantly reproducing by intergametophytic mating can maintain high levels of genetic variability, including a high genetic load, but may be very limited in their ability to migrate by long-distance spore dispersal (Peck et al., 1990) . Thus a trade-off exists between maintenance of genetic variability on one hand and ease of migration on the other. Schneller et al. (1990) concluded that a correlation exists between antheridiogen response and genetic load. The antheridiogen systems (Chiou & Farrar, 1997a) of Microgramma heterophylla and Polypodium pellucidum are consistent with this correlation, but the presence of antheridiogen systems in Campyloneurum angustifolium (source A), C. phyllitidis, Phlebodium aureum and Phymatosorus scolopendria (Chiou & Farrar, 1997a ) is contradictory. If the low genetic loads of the latter group indicate their polyploid status (and isozyme patterns of fixed heterozygosity also indicate that C. phyllitidis and P. aureum are polyploid), their maintenance of antheridiogen systems must be explained. Possibly antheridiogen production and response is a vestige from their diploid ancestors and of no significance to the breeding system of the polyploid species (Haufler and Gastony, 1978;  Schneller & Hess, 1995) . But, the existence of antheridiogens here could also function to promote bisexuality in isolated plants if individual thalli have reduced ability to attain bisexuality. Gametophytes of these species propagate vegetatively by branching (Chiou & Farrar, 1997b) . Maintaining an antheridiogen system may be adaptive in promoting antheridium formation on new vegetatively produced thalli regardless of whether the species is inbreeding or outbreeding.
Whether species are outbreeders or inbreeders, breeding behavior must be adaptive to establishment and survival of individuals of those species. In general, inbreeding may be advantageous for initiating new populations following long-range spore dispersal where gametophytes are likely to be derived from single isolated spores. The opposite strategy, outbreeding, has the advantage of generating and retaining genetic diversity, and high genetic loads carried by outbreeders tend to maintain that mating system. Previous studies have demonstrated that gametophytes of the epiphytic species studied here grow perennially through branching and vegetative proliferations which increase their life span and effective gametophyte size (Chiou & Farrar, 1997b) and produce antheridiogen that facilitates the production of male gametophytes (Chiou & Farrar, 1997a) . Both of these characteristics have been proposed to increase the probability of intergametophytic mating (Chiou & Farrar, 1997a; b; Chiou et al., 1998 ). Here we demonstrate that sporophytes of these species may be produced through either outcrossing or inbreeding, as evidenced by high or low level of genetic load, respectively. Their mating systems may be controlled principally by genetic load and generally correlated with ploidy level. Interwoven with these factors are gametophyte morphology, growth habit, antheridiogen production, and environmental parameters which together maintain successful reproduction of these species. For outbreeding diploid species, genetic load is possibly the driving force leading to morphological and physiological adaptations promoting outcrossing.
